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a  b  s  t  r  a  c  t
The  goat  population  in Great  Britain  (GB),  which  is  mostly  oriented  to milk  production,
is  small  compared  to  that  in  other  European  Union  (EU)  countries  and  contributes  a  very
small  fraction  of  the total  livestock  production.  The  recent  confirmation  and  cull  of scrapie-
affected goat  herds  has  raised  the concern  that  the  risk  of  re-introducing  scrapie  by  mass
restocking after  the  cull  of  a  scrapie-affected  herd,  may  not  have  been  fully  considered  at
the time  of  implementing  statutory  eradication  measures.  A  conditional  probability  model
has been  developed  to estimate  the  probability  of introducing  at least  one  animal  infected
with  classical  scrapie  into  a British  goat  herd  under  two  scenarios:  restocking  over  one year
under  normal  operating  conditions  (Scenario  1);  and restocking  post  a  whole  herd  cull as
part of  the  compulsory  eradication  measures  (Scenario  2).  Several  of the  parameters  were
based  on  expert  opinion,  as  there  is  a  paucity  of  data  regarding  goat  industry  norms  for
all sectors.  Considering  all  herds,  of  which  99%  have  less  than  100  animals,  the probability
of  introduction  is  approximately  2 times  higher  for Scenario  (2)  than  for Scenario  (1).  The
risk  of subsequently  re-introducing  the  disease  through  the  introduction  of  replacement
stock  is  not  insignificant,  although  it can  be  considered  very  low  for the  vast  majority  of
herds (>99%).  In the case  of  very  large  herds  (>1000  heads),  mass  restocking  would almost
certainly  reintroduce  the  disease  since  it would  require  purchases  from  a very  large  number
of  herds.
© 2012 Elsevier B.V. All rights reserved.
1. Introduction
Scrapie is one of the naturally occurring transmis-
sible spongiform encephalopathies (TSE) affecting small
ruminants (sheep and goats) in which it causes progres-
sive neurodegenerative lesions. The disease is known to
have been present in Great Britain (GB) for centuries in
sheep (Parry, 1983) but the first case of natural scrapie
in goats was reported in France in 1942 (Chelle, 1942).
∗ Corresponding author.
E-mail addresses: angel.ortizpelaez@ahvla.gsi.gov.uk,
angortpel@yahoo.com (A. Ortiz-Pelaez), louise.kelly@strath.ac.uk
(L.  Kelly), amie.adkin@ahvla.gsi.gov.uk (A. Adkin).
The first surveillance case in GB was  confirmed in 2002
(www.defra.gov.uk) although the natural occurrence of
scrapie in an uninoculated goat, therefore presumed to
be natural, had been described much earlier (MacKay and
Smith, 1961; Wood and Done, 1992; Dustan et al., 2008).
Scrapie became a notifiable disease in 1993 in the United
Kingdom (UK) in accordance with European Union (EU)
Council Directive 91/68/EC (Anonymous, 1991). The Euro-
pean Union (EU) active surveillance programme started
in January 2002 according to Commission Regulation (EC)
No. 999/2001. Active surveillance consisted of the sam-
pling and testing of small ruminants over 18 months of
age slaughtered for human consumption at abattoirs and
of animals of similar age found dead on farms. Up to 30
September 2009 11,759 goats had been tested for TSEs,
0167-5877/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
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6163 in the Fallen Stock Survey and 5596 in the Abattoir
Survey.
Statutory control measures were enforced in GB via
the Compulsory Scrapie Flocks Scheme (CSFS),1 launched
in England and Scotland on July 20th 2004 and in Wales
on November 1st 2004 as per EU legislation (Anonymous,
2004). The scheme applied disease eradication measures
in sheep flocks and goat herds in which classical scrapie
was confirmed. Details of the scheme are described else-
where (Ortiz-Pelaez and Del Rio Vilas, 2009). In the case
that a goat herd is declared officially affected, CSFS rules
require the cull and disposal of the whole herd (initial cull),
including the destruction of embryos and ova, that leads to
a two-year restriction period. During this period, all culled
or fallen goats over the age of 18 months will be tested for
the presence of TSEs, including those herds where restock-
ing has already taken place. Since the launch of the scheme
six goat holdings have been declared affected with two
of them having been culled and disposed of so far, due
to their increasing annual incidence of cases of classical
scrapie.
The confirmation of a case of BSE in a goat in France
(Eloit et al., 2005) followed by another probable case in
Scotland (Jeffrey et al., 2006) triggered the increase in the
number of goats tested per country, especially in the Abat-
toir Survey. The numbers of animals tested at abattoirs in
GB increased from 90 goats in 2004 to 1282, 2558 and
1466 in 2005, 2006 and the first half of 2007, respec-
tively. After that time, the routine testing for scrapie in
female goats over 18 months old at slaughter was no
longer compulsory as per Commission Regulation (EC) No.
727/2007. Since then, compulsory testing of goats has been
restricted to fallen stock and, through passive surveillance,
to goats with suspected signs of scrapie (Konold et al.,
2007).
The profile of TSEs in goats has only been recently
addressed by the pathological review of archived cases
(Dustan et al., 2008) and a systematic clinical assessment of
natural cases from heavily infected herds and from exper-
imentally BSE-affected goats (Konold et al., 2010). The two
herds culled in GB in 2008 have been extensively studied in
an attempt to characterise their outbreaks of scrapie from
the epidemiological and pathological points of view, with
the results of one of them recently published (Gonzalez
et al., 2009).
Although the pathological features of natural scrapie
cases in sheep and goats are very similar (Dustan et al.,
2008) and the clinical disease in goats resembles closely
that in sheep (Ulvund, 2006), very few studies have been
conducted to elucidate epidemiological features of scrapie
in naturally affected herds and their differences with those
affecting sheep flocks.
The lack of known, significant, genetic linkage to dis-
ease risk due to polymorphisms in the host gene that
encodes PrP in goats, the main individual risk factor for
1 NSP39 Compulsory Scrapie Flocks Scheme booklet. NSP39 Compul-
sory Scrapie Flocks Scheme booklet. NSP39 Compulsory Scrapie Flocks
Scheme booklet. NSP39 Compulsory Scrapie Flocks Scheme booklet.
http://www.defra.gov.uk/animalhealth/publications/NSPAC/pdf/nsp39.pdf
developing disease in sheep, suggests homogeneous sus-
ceptibility of the national herd population to scrapie.
Although recently published data have provided new evi-
dence of genetic variability in the susceptibility of goats in
Cyprus and its potential application to the implementation
of local breeding programmes for resistance (Papasavva-
Stylianou et al., 2010), no association has been shown
between clinical signs, PrP genotype, age and patholog-
ical changes of scrapie in goats (Sofianidis et al., 2006).
Thus it has been assumed up to now that the risk of
scrapie is mainly modulated by non-genetic farm-level
risk factors, like those traditionally associated with scrapie
in sheep. Following this rationale, large units (Hoinville
et al., 2000; Healy et al., 2004), purchase of females from
infected herds, sharing breeding males or pastures (Hopp
et al., 2001), large breeding herds, purchase of replace-
ments from markets, spreading of sheep compost on land
(Healy et al., 2004) and links via movements to other
units affected by classical scrapie (Green et al., 2007)
would increase the risk of introducing scrapie into a
herd.
The goat population in GB is small compared to other
EU countries and contributes a very small fraction to the
total livestock production. According to the Sheep and Goat
Inventory conducted by Defra every year, the 2008 goat
population in GB was 72,060, distributed in 5442 holdings.
The average herd size of a British goat herd was 13 animals
(median: 2, range: 1–4090). The majority of the holdings
(4831, 88.7%) had ten or fewer animals with the remain-
ing 611 holdings (11.3%), mainly intensive dairy production
units, accounting for 79.4% of the total population (57,229).
However, only 108 holdings kept 50 or more goats and only
the top 41 had 200 or more goats. The goat industry is very
specialised with most of the holdings producing milk for
on-farm processing or collection mainly for pasteurisation
and cheese production.
The purchase of animals for breeding, especially males,
is common practice in most commercial goat herds in order
to increase the genetic diversity and improve productiv-
ity. However, given the small scale of the goat farming
industry in GB, options for restocking goats from exter-
nal sources are limited unlike the British sheep industry
with greater options from where to source purebred or
crossbred replacement sheep in all sectors. If a scrapie-
affected herd is culled and the owner intends to restock
after clearance by veterinary authorities, the limited num-
ber of options may  be deemed a risk of re-introducing
the disease as a result of mass restocking. There is con-
cern that this risk may  not have been fully considered
at the time of implementing the statutory eradication
measures.
The objective of this study was to compare the risk
between normal replacement and mass restocking and to
inform risk management measures regarding restocking
practices. We  consider this risk by estimating the proba-
bility of introducing classical scrapie into a goat herd by
restocking under two scenarios: normal replacement pro-
curements (1) and mass restocking after a whole-herd cull
(2). The process will also highlight areas for which there is
currently limited information related to the risk of scrapie
introduction.
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2. Materials and methods
2.1. Model overview
Assuming independence between purchased animals,
and thus a Bernoulli process for the introduction of infec-
tion (Box et al., 1978), the probability of introducing scrapie
into a goat herd as a result of restocking (P) can be described
by the binomial probability in Eq. (1)
P = 1 − (1 − p)R (1)
where p is the probability that an individual goat purchased
for replacement is infected and R is the number of ani-
mals replaced in a restocking event. This model assumes
that animals are purchased from a “common” source, with
all animals having the same probability of being infected
(i.e. prevalence). Averaging was undertaken overall all herd
types (described in more detail later) and the probability
P was used to estimate the average number of restocking
events before introduction of disease (Y)
Y =
1
P
The uncertainty associated with p and R was described,
as far as possible, by appropriate probability distribu-
tions, based on surveillance data and expert opinion. The
probability p was constructed from a set of conditional
probabilities, depending on herd type and the probabil-
ity density function describing the associated uncertainty
was intractable. As a result, P and Y were evaluated using
Monte-Carlo sampling, part of which used Gibbs sampling,
in the statistical software package R (version 2.11.1). The
Gibbs sampler was run for 200,500 cycles which included
500 cycles to monitor convergence and the remaining
200,000 cycles for inference. The effect of herd size was
explored by generating P and Y for small herds (<100 ani-
mals), medium herds (100–1000 animals) and large herds
(>1000 animals) only and basic sensitivity analysis was
undertaken to determine the influence of uncertain param-
eters on the uncertainty associated with p and P.
Given the emerging and changing nature of the British
goat industry, much of the data required to estimate P
were not available in the literature. Five key informants
within the British goat industry were approached with a
semi-structured questionnaire to collect qualitative and
quantitative information on the goat farming industry and
input parameters for the model, respectively. Although
only three provided quantitative responses, the expertise
of the informants was considered of sufficient relevance
to pool their answers and to derive quantitative estimates
for required values. These were combined with published
data, where available.
2.2. Estimating the probability that a goat purchased as a
replacement is infected (p)
The probability that a goat purchased as a replacement
is infected is conditional on the sex of the animal (male
or female) and the type of herd from which the animal is
purchased: pedigree (P), foreign (I), medium (M)  and large
(L) (see Section 2.2.2), as shown in Eq. (2)
p = pBR [pinf PpPB + pinf IpIB + pinf MpMB + pinf LpLB] +
pFR[pinf PpPF + pinf IpIF + pinf MpMF + pinf LpLF ]
(2)
where pBR and pFR are the probabilities that a replaced ani-
mal  is male (a billy) and female respectively; pPB, pIB, pMB,
pLB, pPF, pIF, pMF and pLF are the probabilities that an animal
is purchased from a pedigree (P), foreign (I), medium (M)
and large (L) herd, conditional on the animal being male (B)
or female (F); and pinfP, pinfI, pinfM and pinfL are the probabil-
ities that an animal purchased as a replacement is infected,
conditional on it being purchased from a particular type of
herd (P, I, M or L).
2.2.1. Estimating the replacement probabilities, pBR and
pFR
Under Scenario (1), a proportion of animals will be
replaced under normal operating conditions. The propor-
tions of males and females in the herd that are replaced
in any one restocking event were defined as pRB and pRF
respectively. These were estimated using data from the
expert questionnaire. The experts were asked to provide
minimum and maximum proportions considering the nor-
mal  practice of sourcing males and females for genetic
improvement, recovery of herd size from normal mortal-
ity and a possible increase in herd size. The elicited values
were used to define ranges for pRB and pRF, which were
assumed to be uniformly distributed. The range for females
[0,0.25] showed larger uncertainty than that for males
[0,0.04] despite the fact that many goat herders breed their
own  female replacements, relying only on the purchase of
males. The probability that a replaced animal is male is then
pBR =
pRBpB
pRBpB + pRF pF
where pB and pF are the proportions of males and females in
the herd. These probabilities were provided via the expert
questionnaire. Experts were asked to provide estimates
for the minimum, most-likely and maximum number of
females per male thus giving ratios of males to females. The
combined opinions of all experts gave a minimum ratio of
1 male per 41 females (1:41), a most likely of 1:26 and a
maximum of 1:11. These values were used to characterise
a triangular distribution for pB, with pF = 1 − pB.
For Scenario (2) we are considering the replacement of
the entire herd and therefore the probabilities of replaced
animals being male or female were based on the sex com-
position of the average herd. Thus by setting pRB = pRF = 1 in
the previous equation we obtain pBR = pB and pFR = pF.
2.2.2. Estimating the purchase probabilities pPB, pIB, pMB,
pLB, pPF, pIF, pMF and pLF
Goat farmers were assumed to purchase replacements
from four types of herds: pedigree, foreign, medium and
large. Pedigree herds (P) are usually very small herds
with few breeding females, which breed purebred animals
for sale and recreational purposes (hobby farms). Foreign
herds exporting to GB (I) are breeders from neighbouring
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Table  1
Parameters and random variables used to estimate the probability of introduction of scrapie into a goat herd in GB.
Variable/parameter Description Probability distribution/value Reference
pB Proportion of herd that is male Triangle (1/41, 1/26, 1/11) Expert-elicited data
pF Proportion of herd that is female 1 − pB Formula
pRB Proportion of males replaced in
one year under normal conditions
U(0, 0.04) Expert-elicited data
pRF Proportion of females replaced in
one year under normal conditions
U(0, 0.25) Expert-elicited data
pBR Probability replaced animal is male Scenario (1):
pRBpB
pRBpB+pRF pF
Scenario (2): pB Expert-elicited data
pFR Probability replaced animal is
female
1 − pBR Formula
pS Proportion of herds with < 200
animals
0.99 GB June Agriculture and
Horticulture Survey (2008)
pPB Probability of purchasing males
from pedigree herds
0.70 Expert-elicited data
pIB Probability of purchasing males
from foreign herds
0.05 Expert-elicited data
pMB Probability of purchasing males
from medium herds
0.05 Expert-elicited data
pLB Probability of purchasing males
from large herds
0.20 Expert-elicited data
pPF Probability of purchasing females
from pedigree herds
Large herds: 0.06 small herds: 0.7 Expert-elicited data
pIF Probability of purchasing females
from foreign herds
Large herds: 0.03 small herds: 0.05 Expert-elicited data
pMF Probability of purchasing females
from medium herds
Large herds: 0.06 small herds: 0.05 Expert-elicited data
pLF Probability of purchasing females
from large herds
Large herds: 0.85 small herds: 0.2 Expert-elicited data
S  Sensitivity of the surveillance
system
0.26 Gonzalez et al. (2009)
˛  Reduction factor for medium/large
to pedigree/foreign
U(0.5, 0.75) Expert-elicited data
pHP Herd prevalence: pedigree herds  ˛ P(pHP|5,1643, S) with P(pHP|5,1643, S)
estimated using Gibbs-sampling
AHVLA TSE statistics
pHI Herd prevalence: foreign herds  ˛ P(pHP|5,1643, S) with P(pHP|5,1643, S)
estimated using Gibbs-sampling
AHVLA TSE statistics
pHM Herd prevalence: medium herds P(pHP|5,1643, S) estimated using
Gibbs-sampling
AHVLA TSE statistics
pHL Herd prevalence: large herds P(pHP|5,1643, S) estimated using
Gibbs-sampling
AHVLA TSE statistics
pWP Within herd prevalence: pedigree
herds
U(0.01, 0.25) Gonzalez et al. (2009) AHVLA
unpublished data and expert
opinion
pWI Within herd prevalence: foreign
herds
U(0.01, 0.25) Gonzalez et al. (2009) AHVLA
unpublished data and expert
opinion
pWM Within herd prevalence: medium
herds
U(0.042, 0.37) Gonzalez et al. (2009) AHVLA
unpublished data
pWL Within herd prevalence: large
herds
U(0.042, 0.37) Gonzalez et al. (2009) AHVLA
unpublished data
pinfPB Probability animal infected: male
from pedigree herd
pHPpWP Formula
pinfIB Probability animal infected: male
from foreign herd
pHIpWI Formula
pinfMB Probability animal infected: male
from medium herd
pHMpWM Formula
pinfLB Probability animal infected: male
from large herd
pHLpWL Formula
pinfPF Probability animal infected: female
from pedigree herd
pHPpWP Formula
pinfIF Probability animal infected: female
from foreign herd
pHIpWI Formula
pinfMF Probability animal infected: female
from medium herd
pHMpWM Formula
pinfLF Probability animal infected: male
from large herd
pHLpWL Formula
N  Herd size All herds: U({1,2,. . .,5442})
sampled according to size categories
GB June Agriculture and
Horticulture Survey (2008)
R  Number of replacements Scenario (1): R = N(pRB + pRF) Scenario
(2): R = N
Formula
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EU countries that export low numbers of selected animals,
mainly males. The third type represents medium size com-
mercial herds (M) that may  occasionally sell breeding goats
to neighbours and/or friends within the local area, but are
not specialised in the sale of replacements. The last group
represents large commercial herds (L) that regularly sell
breeding stock nationwide, as part of their business oper-
ations. The expert questionnaire was used to gather data
to estimate the probabilities of purchasing from each herd
type, conditional on the sex of the animal (pPB, pIB, pMB,
pLB, pPF, pIF, pMF and pLF). Overall, the expert opinion sug-
gested that the majority of male replacements would be
purchased from pedigree herds (70%) followed by large
herds (20%) and then foreign and medium herds (5% each)
(Table 1). For female replacements, herd size was found
to influence the type of herd from which animals are pur-
chased. In particular, large herds (defined as >200 animals
in this case) would be most likely to purchase from other
such large herds (85%) followed by pedigree and medium
herds (6% each) and finally foreign herds (3%). The pur-
chasing patterns for small herds (<200 animals) replacing
females were thought to be the same as for purchasing
males, that is, 70% from pedigree, 20% from large herds and
5% from each of foreign and medium herds. Fixed values
were used for these proportions because only one expert
provided their opinion; other experts provided a ranking
of purchase probabilities.
2.2.3. Estimating the infection probabilities pinfP, pinfI,
pinfM and pinfL
The probability of a purchased animal being infected is
the product of the herd prevalence and within herd preva-
lence, both of which are conditional on the type of herd
from which the animal is purchased and do not depend
on sex. Data relating to herd prevalence for the different
herd types were not available. As an approximation, the
number of positive herds detected by surveillance was  con-
sidered for medium and large commercial herds. Between
2004 and 2009, n = 1643 goat holdings in GB submitted
8628 fallen goats for TSE testing. At least one sample
from x = 5 holdings resulted in a positive result (0.3%)
(http://www.defra.gov.uk/vla/science/docs/sci tse stats
goats.htm).  In a study undertaken at the Animal Health and
Veterinary Laboratories Agency (AHVLA),2 UK (Gonzalez
et al., 2009), only 26.4% of known infected goats were pos-
itive to the rapid test (BioRad TSE ELISA (BioRad France)).
This value was used to define a parameter S = 0.264, the
sensitivity of the statutory surveillance system.
Following Joseph et al. (1995),  Bayesian inference was
used to obtain posterior distributions for true herd preva-
lence (pHP, pHI and pHM and pHL). Considering the general
case (any type of herd), with true herd prevalence defined
as , a beta(1,1) prior was assumed for  and then on each
cycle of the Gibbs-sampler, the number of false-negative
herds (m)  was sampled from the conditional likelihood
Binomial
(
n − x,
(1 − S)
(1 − S) + (1 − )
)
2 Formerly known as Veterinary Laboratories Agency (VLA).
and the true herd prevalence () was  sampled from the
conditional posterior
beta(x + m + 1, n − (x + m)  + 1)
with n = 1643 and x = 5.
Pedigree and exporting foreign herds tend to be closed
enterprises with no or very few movements in and stricter
bio-security measures than medium and large herds. It was
therefore assumed that the herd prevalence in these two
herd types would be significantly lower than in medium
and large herds. Scrapie experts were of the opinion that
herd prevalence in pedigree and exporting foreign herds
would be at least half of that in medium and large herds.
To account for this, we defined a reduction parameter
˛, assumed to be uniformly distributed, on the range
[0.5,0.75]. The conditional posterior for true herd preva-
lence for these two  types of herd was  multiplied by a value
sampled from ˛.
The within herd prevalence was  also assumed to be
higher in medium and large commercial herds (pWM and
pWL) than in pedigree and foreign herds (pWP and pWI). For
medium and large herds the results from tests on a sam-
ple of culled animals from scrapie-affected goat herds in
GB, conducted in 2008, were used (Gonzalez et al., 2009,
AHVLA unpublished data). The data suggested a range of
[0.042,0.37] and this range was used to define uniform
distributions for pWM and pWL. For pedigree and foreign
herds uniform distributions with a range [0.01,0.25] were
used for within herd prevalence, based on discussions with
scrapie experts and taking the AHVLA and Gonzalez et al.
(2009) data into account.
Each infection probability pinfP, pinfI, pinfM and pinfL was
derived by multiplying the respective herd and within herd
prevalence (Table 1).
2.2.4. Estimating the number of replacements, R
The number of goats per herd in 2008 was available
from the June Survey of Agriculture and Horticulture of
the Department for Environment, Food and Rural Affairs
(Defra) (https://statistics.defra.gov.uk). The random vari-
able N was defined to describe herd size. N was  sampled
by selecting a farm uniformly from those included in the
June Survey 2008. There were 5442 herds in total of which
5371 were small (defined here as <100), 56 were medium
(defined here as 100–1000) and 15 were large (defined
here as >1000). The median herd size was  2 (inter-quartile
range: 2–5) and 76% of all goat herds had 5 or less goats
in 2008. Under Scenario (1), the number of replacements is
given by
R = N(pRBpB + pRF pF )
while under Scenario (2), R = N.
2.3. Sensitivity analysis
Pearson’s correlation coefficients were calculated to
investigate the influence of each uncertain parameter on
the probabilities p and P. This was  undertaken for Scenario
(1) only, for all herds. All analyses were conducted using R
(2010).
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Table  2
Estimated probability of introducing scrapie into a GB goat herd (P) and the average number of restocking events (Y) for all herds, small herds (<100
animals), medium herds (100–1000 animals) and large herds (>1000 animals) only, under the two  scenarios. Results based on 200,000 samples using Gibbs
sampling and provided as 50th percentile (90% credible interval).
Estimate Scenario
Normal replacement (1) Restocking after whole-herd cull (2)
All herds P 0.0011 (0.00049, 0.0036) 0.0028 (0.00075, 0.023)
Y  876 (274, 2028) 356 (44, 1334)
Small herds (<100) P 0.0011 (0.00049, 0.0032) 0.0028 (0.00074, 0.019)
Y 882  (313, 2031) 53 (362, 1349)
Medium (100–1000) P 0.028 (0.0029, 0.30) 0.22 (0.069, 0.92)
Y 35  (3, 337) 5 (1, 14)
Large herds (>1000) P 0.32 (0.036, 0.83) 0.97 (0.66, 1.00)
Y  3 (1, 28) 1 (1, 2)
3. Results
3.1. Main results
The estimated probability of introducing scrapie and the
average number of restocking events before introduction
are shown in Table 2 for Scenario (1) (normal procurement
practices) and Scenario (2) (mass restocking). Results are
presented for all herds, small herds (<100 animals) medium
herds (100–1000) and large herds (>1000 animals).
The form of Eq. (1) indicates that P, the probability of
introduction, is a monotonically increasing function of R,
the number of replacements. The probability is thus higher
for Scenario (2) than for Scenario (1) because a larger num-
ber of animals are being replaced. Considering all herds,
the probability of introduction is approximately 2 times
higher for Scenario (2) than for Scenario (1). In the June
2008 survey, 99% had less than 100 animals and 76% had 5
or less animals. Thus, the vast majority of herds are small
and so the results for small herds are almost identical to
those for all herds. For medium herds, the probability is
around 8 times higher and for large herds the probability is
approximately 3 times higher, for Scenario (2) than for Sce-
nario (1). Similarly, the probability is largest for large herds
compared to all herds, small herds and medium herds; for
Scenario (2), it is very likely that scrapie would be intro-
duced by mass restocking of very large commercial herds
(>1000 animals).
The average number of restocking events needed to
introduce scrapie is dependent on the number of animals
being replaced, this time in an inverse manner; as the herd
size increases the number of restocking events required
decreases. For very large commercial herds, of which there
are 15 recorded in the 2008 Survey, if a herd was to be culled
and restocked, the model predicts that infection would be
introduced as a result of this mass restocking.
3.2. Sensitivity analysis
The correlations between uncertain parameters and the
calculated probabilities p and P are represented by the tor-
nado chart in Fig. 1. For the individual probability p, the
uncertainty is most influenced by the uncertainty associ-
ated with the prevalence (both herd and within herd) for
large and pedigree herds. This is because the majority of
animals will be purchased from these two types of herd.
The replacement rates have very little influence of p. The
uncertainty associated with the herd level probability P is
most influenced by R, the number of animals replaced in
any one restocking event; in comparison, all other param-
eters have very little influence. This is unsurprising given
the form of Eq. (1).
The relationship between P and herd size for Scenario (1)
is shown in Fig. 2. The individual level probability p was set
at the 5th, 50th and 95th percentiles of the associated dis-
tribution of uncertainty, derived from the 200,500 samples.
For each of these three values of p, the herd level probabil-
ity P was then evaluated for all herd sizes across the range
recorded in the 2008 survey (R = N). For the median herd
size of 2, the median of P is 0.002 (0.0009, 0.003). Thus,
for a typical herd, there is a 0.2% chance of introduction of
scrapie from full herd replacement.
The resulting curves for P are the approximate 5th,
50th and 95th percentiles, conditional on herd size, and
so the spread between the curves gives an indication of
the uncertainty associated with P. As herd size increases,
the uncertainty associated with P also increases. The uncer-
tainty for small herd sizes, is relatively low. From the 2008
survey data, this represents 99% of herds.
4. Discussion
While the pyramidal structure linked to breed and pro-
duction types of the national sheep flock is well known
and has been assessed in several scrapie transmission mod-
els for GB (Arnold et al., 2002; Gubbins and Roden, 2006;
Hagenaars et al., 2006), little is known about the struc-
ture of the British goat herd and the interaction between
purebred pedigree herds and medium/large commercial
herds. In contrast with the sheep population, the major-
ity of goats in GB are family pets belonging to hobby
farmers with one or two individuals kept for purposes
other than farming. The main feature of the small goat
industry in GB is the presence of a low and poorly inter-
connected number of highly specialised goat enterprises
mainly oriented to milk production. A few pedigree herds
maintain the supply of purebred animals of the main breeds
present in the country, namely, Anglo-Nubian, Saanen,
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Fig. 1. Correlation between uncertain parameters and the average probability that an individual goat purchased for replacement is infected with scrapie
(p)  and the probability of introducing scrapie into a goat herd as a result of restocking (P).
Alpine and Toggenburg, with their own British variants.
These herds mainly supply males to commercial herds that
have developed and maintained their own genetic lines
of crossbred females, selected according to their produc-
tion traits, adding extra value to the herd as a production
unit. The nearly closed structure of the British goat industry
with a small contribution of imported selected animals to
the national herd poses a risk to the circulation of certain
diseases with unspecific clinical signs, long incubation peri-
ods and carrier status, like scrapie, paratuberculosis and
caprine arthritis encephalitis (CAE).
The confirmation of classical scrapie in several herds
in the last few years has added a destabilising factor to
the vulnerable goat industry, as far as the impact of dis-
ease introduction in unaffected herds is concerned. There
are no reliable estimates of the herd prevalence in GB and
the use of fallen stock data may  have overestimated this
parameter. Although uncertain due to the unknown level
of under-reporting, this data source – the only available
– is still valid since replacements are not purchased from
fallen stock and the proportion of the whole population
that dies on farm (fallen) in a particular holding does not
affect the measurement of the proportion of holdings with
scrapie infected goats. The lack of specific epidemiological
data on the presentation of scrapie in goats and the uncer-
tainty of the incidence of disease attached to the potential
under-reporting of farmers justifies the application of a risk
assessment framework to address this issue. In this paper,
we have contributed to this framework by estimating how
likely the possibility of introducing scrapie into a herd is
via a conditional probability model.
Results have been considered in terms of herd size,
with estimates derived for all herds, small herds, medium
herds and very large herds exclusively. The results are intu-
itive in that the larger the farm, the greater the number of
replacements and therefore the higher the probability of
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Fig. 2. Relationship between herd size and the probability of introducing
scrapie into a goat herd as a result of restocking, for 3 values of p, the
probability that an individual goat purchased for replacement is infected.
Values of p are the 5th, 50th and 95th percentiles of the distributions of
uncertainty, meaning that the resulting values of P are approximate 5th,
50th and 95th percentiles.
introducing an infected animal into the herd either dur-
ing normal replacement or during a mass restocking. The
probability is also higher for all groups of herds (all, small,
medium, large) for Scenario (2) than for Scenario (1), given
the larger absolute number of goats to be sourced. In order
to replace one of the largest herds in GB it is likely that
stock will be required from several different farms and
a large proportion of the replacement females will come
from other commercial farms where prevalence is esti-
mated to be slightly higher. Other possible scenarios like
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the purchase of a whole herd by transfer of ownership were
not considered in Scenario (2), which would have resulted
in a much lower probability. In contrast, small hobby farms
are unlikely to require more than one animal, if any restock-
ing is required.
The relative risk of restocking after a whole-herd cull as
compared to normal restocking is around 2–3 when con-
sidering all herds and large herds in isolation. However the
relative risk is higher when considering medium herds and
has a value of around 8. This can be explained by the dis-
tribution of herd sizes. From the 2008 survey, 0.2% of herds
are large (>1000 animals) and in this case the difference
in the number of replacements between Scenario (1) and
Scenario (2) is relatively small. For medium herds, which
account for 1% of the national herd, there will be more vari-
ation in the number of replacements and so the difference
between Scenario (1) and Scenario (2) will be greater.
Based on the results from this model, when consider-
ing the implementation of an entire herd cull in order to
eradicate scrapie from goat herds, the risk of subsequently
re-introducing the disease through the introduction of
replacement stock is not insignificant, although it can be
considered very low for the vast majority of herds (>99%). In
the case of large herds and following the assumptions of the
model, mass restocking would almost certainly reintroduce
the disease.
The model constructed here is based on a simple bino-
mial process and assumes that each replaced animal has
the same, probability of being infected. This value is based
on the different herds types and the replacement rates
of males and females. This simple model was considered
appropriate because the holding prevalence is very low.
For higher prevalence, it would be more appropriate to
consider the replacement process in more detail, with a
binomial process describing replacement of animals in
batches, from different herds.
Given that one of the most uncertain parameters in
the model is the within herd prevalence, the persistence
of undetected scrapie-affected herds in the country and
thus a potentially increasing within herd prevalence could
impose a significant increase in the probability for Scenario
(2), over the next few years with the consequent decrease
in the number of restocking events needed to introduce
an infected animal. Moreover, given that another uncer-
tain parameter is the percentage of female replacements
required from external sources over one year, large herds
with a high replacement rate would be at the highest risk
of introducing scrapie via normal yearly replacements.
Many of the parameter estimates for this model were
based on expert opinion, derived from a specifically
designed semi-structured questionnaire. The low num-
ber of experts, the scarcity of the data collected and the
deliberate targeting of key informants in the goat indus-
try prevented us from conducting a more appropriate
statistical analysis for expert elicited data (see, for example,
Bedford and Cooke (2001) and O’Hagan et al. (2006)). This is
a recognised limitation of the study. However, the main aim
of this work was  to consider the relative risk between nor-
mal  replacement and mass restocking and a more detailed
analysis of uncertainty would have been unlikely to change
the conclusions.
This study has only addressed the risk of introducing
scrapie via restocking. Based on this simple conditional
probability model, this risk can be considered negligible
for normal replacement practices and very low for restock-
ing after a whole-herd cull, for the vast majority of GB goat
herds. Although restocking is considered to be one the main
sources of introduction of scrapie, it is not the only cause of
re-occurrence of disease in a herd or flock. Environmental
contamination can play a significant role in the main-
tenance and transmission of scrapie (Seidel et al., 2007;
Dexter et al., 2009). Therefore the risk of re-emergence of
scrapie in affected herds is due to both the introduction
of infected animals and the transmission via environmen-
tal contamination. The latter cannot be addressed at this
stage given the lack of specific data on excretion of PrPSc
by goats and other necessary input parameters. It would
be advisable to extend this model to add an environmental
component, at least using theoretical parameters. Equally,
industry and veterinary authorities might be interested in
applying this model to assess the risk of introduction of
other infectious diseases into a goat herd provided that
herd and within herd prevalence data are available for the
selected disease(s).
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